[1] The dynamic processes leading to synconvergent exhumation of high-pressure lowtemperature (HP-LT) rocks at oceanic accretionary margins, as well as the mechanisms maintaining nearly steady state regime in most accretion prisms, remain poorly understood. The present study aims at getting better constraints on the rheology, thermal conductivity, and chemical properties of the sediments in subduction zones. To reach that goal, oceanic subduction is modeled using a forward visco-elasto-plastic thermomechanical code (PARA(O)VOZ-FLAC algorithm), and synthetic pressuretemperature-time (P-T-t) paths, predicted from numerical experiments, are compared with natural P-T-t paths. The study is focused on the well constrained Schistes Lustrés complex (SL: western Alps) which is thought to represent the fossil accretionary wedge of the Liguro-Piemontese Ocean. For convergence rates comparable to Alpine subduction rates ($3 cm yr À1 ), the best-fitting results are obtained for high-viscosity, low-density wedge sediments and/or a strong lower continental crust. After a transition period of 3-5 Ma the modeled accretionary wedges reach a steady state which lasts over 20 Ma. Over that time span a significant proportion ($35%) of sediments entering the wedge undergoes P-T conditions typical of the SL complex ($15-20 kbar; 350-450°C) with similar P-T loops. Computed exhumation rates (<6 mm yr À1 ) are in agreement with observations (1-5 mm yr À1 ). In presence of a serpentinite layer below the oceanic crust, exhumation of oceanic material takes place at rates approaching 3 mm yr
Introduction
[2] Petrological studies of successive mineralogical assemblages found in metamorphic rocks allow, in principle, the reconstruction of their pressure-temperature evolution and the assessment of pressure-temperature-time paths (P-T-t paths) [e.g., Spear, 1993; Müller, 2003] . These studies provide ideal constraints for models of exhumation in accretionary subduction wedges [e.g., Cloos, 1982; Shreve and Cloos, 1986; Brandon et al., 1998 ]. However, despite recent progress in assessment of P-T-t trajectories [Berman, 1991; Holland and Powell, 1998; Vidal and Parra, 2000] and uplift rates [e.g., Gunnell, 2000; Zeitler et al., 2001] , our knowledge of the vertical trajectories remains fragmentary [e.g., Duchêne et al., 1997a] . Indeed, prograde P-T-t paths are often largely overprinted because of reequilibrations with rising temperature, and the retrograde parts are often preserved as discrete reequilibration steps only [Spear, 1993; Jolivet et al., 2003] . P-T-t paths therefore represent only a partial record of vertical trajectories, and much of the information related to burial is lost. Moreover, P-T-t paths are not univocally interpretable in terms of geodynamic settings either. It is therefore useful to compare the natural P-T-t paths with synthetic ones obtained from thermomechanical modeling in order to clarify burial/ exhumation and geodynamic processes, and explore their dependence on the parameters such as the convergence rate or the intrinsic properties of the accretionary wedge.
[3] Following the approach of Gerya and coworkers [e.g., Gerya et al., 2002 Gerya et al., , 2006 Vasilyev et al., 2004; Stöckhert and Gerya, 2005] , we include the effects of metamorphic phase changes on density, and trace the predicted P-T-t paths within the models using passive markers. The main difference of our approach is that we account for the effective elasto-plastic behavior of the rocks constituting the accretionary wedge and the entire lithosphere, for example, the transition from brittle behavior (MohrCoulomb plasticity) to ductile viscous effective behavior at temperatures higher than 300°C. Hence we have chosen to use an explicit thermomechanical code (PARA(O)VOZ) [e.g., Poliakov et al., 1993] that allows for strongly nonlinear visco-elasto-plastic behaviors. Another important feature of our models is that the kinematic boundary conditions are imposed at the lateral borders of the model and not on the subducting plate itself, allowing the slab to deform freely in response to the formation of the accretionary wedge.
[4] Owing to the wealth of petrology data and the abundance of published P-T-t paths (Figure 1 ) [e.g., Ernst and Dal Piaz, 1978; Van der Klauw et al., 1997; Reinecke, 1998; Messiga et al., 1999; Schwartz et al., 2000a; Agard et al., 2001 Agard et al., , 2002 , the western Alps constitute a good natural example to test the kinematics of our models. We first review the main P-T-t data coming from the western Alps (focusing on the oceanic units) and the geodynamic context of formation of the Alpine belt. We then present the results of our numerical experiments and discuss the influence of various physical parameters on the shapes of P-T-t paths, and compare the synthetic P-T-t paths and exhumation rates with natural ones. This study, though focusing on the subduction of the Liguro-Piemontese Ocean, is also relevant for other accretionary wedges as, for example, the Franciscan Complex (western United States).
Geological Setting

Geodynamic Context and Significance of the Schistes Lustrés Complex
[5] The western Alps result from the closure of the Valais and Liguro-Piemontese oceans, and further information on paleogeography and geodynamics can be found in numerous reviews [e.g., Le Pichon et al., 1988; Coward and Dietrich, 1989; Stampfli et al., 1998; Oberhänsli et al., 2004] . Subduction of the $800-1000 km wide LiguroPiemontese Ocean Lemoine and Tricart, 1986; Dercourt et al., 1993] occurred from $100 Ma onward through an E-dipping subduction (as shown by the metamorphic zoneography; Figure 1a ) at slow convergence rates (<20 mm yr
À1
; [Le Pichon et al., 1988; Lapen et al., 2003] ). The final closure of this ocean is dated at $45 Ma [Deville et al., 1992; Michard et al., 1996; Rosenbaum and Lister, 2005] .
[6] Metamorphic rocks reached depths ranging from 30 to 100 km [e.g., Goffé and Chopin, 1986; Chopin, 2003] and were fortunately little overprinted by later collision in the western Alps [Gillet and Goffé, 1988; Chopin et al., 1991] . Eclogites are found in the oceanic Zermatt-Saas and Monviso units, and in the continental Dora Maira, Gran Paradiso, and Sesia massifs (Figure 1 ) [Chopin, 1984; Philippot and Kienast, 1989; Pognante, 1991; Lardeaux and Spalla, 1991; Spalla et al., 1996; Van der Klauw et al., 1997; Reinecke, 1998 ], whereas blueschist facies conditions prevail in the Briançonnais and in the Schistes Lustrés complex [Goffé and Velde, 1984; Agard et al., 2001] . The gradual increase of P-T conditions in the latter unit allowed the recognition of the SL complex as representing a fossil accretionary wedge [Agard et al., 2001; Schwartz, 2002] mainly built of pelagic sediments [De Wever and Caby, 1981; Lemoine et al., 1984; Polino, 1984] scraped off the underlying oceanic crust during subduction.
Constraints From P-T-t Paths and Exhumation Rates: Distinct Exhumation Mechanisms for Oceanic Crust and Sediments?
[7] We compiled available P-T-t paths and estimated average exhumation rates for the oceanic units of the western Alps (Figure 1b) . In this study, the continental P-T-t paths of Dora Maira and Gran Paradiso are shown only for comparison and briefly discussed. Despite contrasting P-T peaks, the maximum burial conditions of the various units line up along a typical HP-LT metamorphic thermal gradient of $8°C km À1 (Figure 1c ), which suggests that they underwent comparable thermal regimes. All of them were already largely exhumed to midcrustal depths of $15 -20 km at around 30-35 Ma, when collision developed.
[8] The average exhumation rates for the ocean-derived units are somewhat different, however, for the Schistes Lustrés and for the Monviso and Zermatt-Saas units (Figure 1b ). For the SL complex, Agard et al. [2002] estimated the corresponding exhumation rates on the order of 1-2 mm yr
À1
and demonstrated that contamination of the samples by excess argon was limited, because their radiometric ages are systematically consistent with the observed deformation chronology. Indeed, each of the three different deformation stages, D1, D2 and D3 ( [Agard et al., 2001] ; whose pressure estimates are >15 kbar, 12-14 kbar, and 5 -7 kbar respectively; Figure 2a ), is associated with specific radiometric ages (Figure 2b ). Between the D2 and D3 stages, the exhumation rate is well constrained at $2.5 mm yr À1 . The larger scatter of the HP ages (D1; Figure 2b ) may nevertheless be explained by small amounts of excess argon, as documented at HP conditions for several Alpine studies [e.g., Arnaud and Kelley, 1995; Scaillet, 1996; Baxter et al., 2002; Reddy et al., 2003] . Taking into account only the younger ages for D1 could raise the estimated exhumation rates to a maximum of 5 mm yr À1 for the first exhumation stage (Figure 2b ). By comparison, higher exhumation rates were obtained for Monviso or Zermatt-Saas units, between $1-4 [Bowtell et al., 1994; Inger et al., 1996] , 5 -10 [ Duchêne et al., 1997b; Reinecke, 1998 ] and 26 mm yr À1 [Amato et al., 1999] .
[9] This contrast among ocean-derived units is also apparent in the geological map (Figure 1a, inset) . Indeed, blueschist facies sedimentary units with minor crustal lenses (such as the SL complex) dominate to the west, whereas large, mainly eclogitic oceanic crust bodies closely associated with serpentinites (such as Monviso and Zermatt-Saas) mainly crop out to the east [Pognante, 1991] . In addition, metamorphic P-T conditions evolve progressively in the former [Agard et al., 2001; their Figures 5 and 7] , whereas slices of units with contrasted P-T peaks characterize the latter [Messiga et al., 1999; Schwartz et al., 2000a] . The Monviso and Zermatt-Saas units are also closely associated in space with the continental Dora Maira and Gran Paradiso internal crystalline massifs (ICM, Figure 1a ) and show similar exhumation-related tectonic patterns [e.g., Philippot, 1990; Henry et al., 1993; Van der Klauw et al., 1997] . The values of the exhumation rates for the UHP Dora Maira unit are still debated (Figure 1b ), but the prevalent view considers Figure 1 . (a) Simplified metamorphic map [after Frey et al., 1999] and location of the units where pressure-temperature-time (P-T-t) paths are taken from. (inset) Map presenting the repartition of the oceanic-derived units. (b) P-T-t paths for oceanic units (black boxes) for (SL) ''Schistes Lustrés'' unit, (ZS) Zermatt-Saas unit, and (MV) Monviso unit. P-T-t paths of continental units are given for comparison in gray box for (DM) Dora Maira and (GP) Gran Paradiso. Numbers refer to (1) [Agard et al., 2001] ; (2) [Schwartz et al., 2000b] ; (3) [Schwartz et al., 2000a] ; (4) [Ernst and Dal Piaz, 1978] ; (5) [Meyer, 1983] ; (6) [Barnicoat and Fry, 1986] ; (7) [Van der Klauw et al., 1997] ; (8) [Reinecke, 1998 ]; (9) [Amato et al., 1999] ; (10) [Widmer and Thompson, 2001] ); (11) [Schwartz et al., 2000a] ; (12) [Cliff et al., 1998; Messiga et al., 1999] ; (15) [Henry et al., 1993] ; (16) [Duchêne et al., 1997b] ; and (17) [Brouwer et al., 2002] ; ages are consistent with Hurford and Hunziker [1989] . (c) Simplified P-T paths for the above units. Some of the P-T paths present a slight heating at about 35 Ma (e.g., Zermatt-Saas zone, Gran Paradiso) coeval with the medium-pressure medium-temperature Lepontine metamorphic overprint of the central Alps (5 -7 kbar, 650 -700°C; [e.g., Todd and Engi, 1997] ), which presumably marked the inception of collisional processes [e.g., Goffé et al., 2003] .
rates !1-5 cm yr À1 [e.g., Duchêne et al., 1997b; Gebauer et al., 1997; Rubatto and Hermann, 2001] .
[10] The greater exhumation velocities, tighter P-T loops ( Figure 1b ) and the spatial association of Monviso and Zermatt-Saas with the ICM suggest that the exhumation of such large oceanic crust bodies was different from that of the metasedimentary SL complex and/or that exhumation occurred later, during the locking of continental subduction and the exhumation of the European margin.
Problematic Issues and Modeling Choices
[11] The Alpine stage of oceanic subduction and wedge accretion evolution is schematically set back within the frame Figure 2 . (a) P-T-deformation paths for various parts of the paleoaccretionary ''Schistes Lustrés'' (SL) complex (going eastward from I to V [after Agard et al., 2001 Agard et al., , 2002 ). The ''SL box'' (shown also in Figure 9 ) corresponds to the P-T domain crossed by the SL paths. D1, D2, and D3 correspond to the main tectonic stages (see text for details). (b) Exhumation rates for the SL complex. Gray rectangles with dashed contours: Age and pressure data for individual samples from Agard et al. [2001 Agard et al. [ , 2002 are represented with the associated error bars. Gray dots are averaged P-t conditions and exhumation rates inferred by Agard et al. [2002] . Black rectangles are new averaged P-t conditions for the main tectonic stages and inferred exhumation rates (in black), taking into account the possible presence of minor excess argon during the HP D1 stage. (c) Schematic geodynamic evolution of the western Alps showing the location and fate of the oceanic accretionary wedge through time [after Agard and Lemoine, 2005] . See text for details. Abbreviations are SA: south Alpine; BAW: Bottom of the accretionary wedge; BRIANC: Briançonnais; DAUPH: Dauphinois; FP: Penninic front; ICM: internal crystalline massifs; SL: Schistes Lustrés.
of the Liguro-Piemontese Ocean closure in Figure 2c . In order to match natural observations related to the Alpine oceanic subduction with our numerical models, some key points need to be recalled.
[12] During the oceanic subduction of the LiguroPiemontese Ocean, most of the oceanic sedimentary units from the Schistes Lustrés complex were equilibrated at HP conditions (stage D1) of 15 -20 kbar and 350 -450°C
Figure 3 [Agard et al., 2001 ] along a typical, cold thermal gradient of 8°C km À1 (Figure 2a ). They were thus buried no deeper than the maximum depths of present-day accretionary wedges (<50 km) [e.g., Brandon et al., 1998 ]. Radiometric dating suggests that these blueschists were exhumed during the oceanic convergence stage in steady state conditions during approximately 15 Ma at a rate of $1-5 mm yr À1 (e.g., during the period between 60 and 45 Ma, Figure 2b ). At the onset of collision, the exhumation rates were <1 -2 mm yr À1 [Agard et al., 2002] .
[13] Petrological data inferred from oceanic crustal units yield the same P-T gradient (Figure 1c ), yet the exhumation paths of these crustal units were different (Figure 1b) . By contrast with the SL complex, Monviso and Zermatt-Saas crustal units were interleaved with serpentinites, were buried deeper into the subduction channel (below the bottom of the accretionary wedge; BAW, Figure 2c ; [Cloos, 1982; Cloos and Shreve, 1988] ) and brought back to the surface later ($45-40 Ma) and probably faster (>5 mm yr À1 ).
[14] In order to better understand the mechanical and kinematic factors controlling the establishment of steady state accretionary wedges, we cannot use the earlier models of collisional orogens, which mostly prescribe wedge stability through kinematic assumptions. This is, for example, the case of the models based on the theory of plastic (brittle) critical wedge developed by [Chapple, 1978; Davis et al., 1983; Dahlen and Suppe, 1988; Dahlen, 1990] , which are not applicable at the scale of our problem, or the case of the models that use the ''basal drag'' or ''S'' point approach, which kinematically constrain the mantle and/or crustal part [e.g., Beaumont et al., 1994; Jamieson et al., 1998; Willet, 1999; Beaumont et al., 2001; Gerya et al., 2002; Vanderhaeghe et al., 2003] .
[15] The fully dynamic approach with unconstrained mantle part is clearly more appropriate [e.g., Burov et al., 2001; Pysklywec et al., 2002; Gerya and Yuen, 2003; Gerya et al., 2004; Toussaint et al., 2004; Stöckhert and Gerya, 2005] . It also allows for a greater choice of rheologies and lithospheric structures: Newtonian viscosity and DruckerPrager plasticity and monolayered lithosphere [Pysklywec et al., 2002] , or nonlinear viscosity, Mohr-Coulomb plasticity and multilayer crust/lithosphere [Burov et al., 1999; Petrini and Podladchikov, 2000; Burov et al., 2001; Toussaint et al., 2004; Stöckhert and Gerya, 2005] , for example.
[16] In this study, we mainly follow the approach of Toussaint et al. [2004] by considering a multilayer lithospheric structure with a visco-elasto-plastic rheology. We combine this approach with that of Gerya et al. [2002 Gerya et al. [ , 2006 by introducing an additional thermodynamic module that allows for progressive density changes. We also use a dense passive marker array to trace particle trajectories, which allows us to obtain synthetic P-T-t paths.
Numerical Approach
[17] The governing equations and details of their numerical implementation are provided in Appendix A. The numerical code PARA(O)VOZ v7-9 (evolution of Paravoz v3 [Poliakov et al., 1993] ), used in this study, is based on the FLAC technique [Cundall and Board, 1988; Cundall, 1989] and allows to solve simultaneously Newtonian dynamic equations of motion (A1) and the heat transfer equation (A3) in a Lagrangian formulation. We assume that quasi-static approximation applies at geological strain rates, which allows us to use the inertial term in (A1) to lengthen the numerical time step. Adjustable viscous damping is then used to remove nonphysical elastic waves from the model [Cundall, 1989] . We also assume that the rock behavior is visco-elasto-plastic (A2, A5, A6). At each moment of time and location, the effective rheological behavior is determined by current strain rate, state of stress and temperature. Surface processes are accounted in the model using the common linear diffusion law (A7).
Implementation of Progressive Density Changes
[18] Buoyancy is an important component of force balance in subduction zones [Bousquet et al., 1997; Burov et al., 2001; Doin and Henry, 2001] . It is affected by density changes due to thermal expansion (A4) and metamorphic reactions. The system behavior is also sensitive to the rate of density changes. For this reason, the thermodynamic THERIAK algorithm [De Capitani, 1994] has been incorporated to account for progressive density changes instead of using a rough density grid based on metamorphic facies as in Toussaint et al. [2004] . THERIAK uses the JUN92.cc thermodynamic databases of Berman [1988] to minimize free Gibbs energy G and calculates (1) the stable mineral assemblage and (2) equilibrium phase compositions for a given chemical composition at specified P-T conditions [De Capitani and Brown, 1987] :
where m i is the chemical potential and N i is the moles number for each component i constitutive of the assemblage.
[19] To save computation time, the density field is precomputed at the beginning of the computations for several typical bulk chemical compositions (Figure 3 and Appendix B). The P-T space is discretized over a fine regular grid with [De Capitani, 1994] . The reactions responsible for large density variations (e.g., garnet-or coesite-forming reactions) are also shown. Density values refer to the mineral assemblages (see Appendix B) calculated at a given P-T with THERIAK to test the validity of our density grid. (Figure 3a ) MORB basalt [after Carmichael, 1989] ; (Figure 3b ) granite [after Carmichael, 1989] ; ( Figure 3c ) Pelite 1; (Figure 3d ) Pelite 2 (see text for details about differences between them); (e) Density diagram after Goffé et al. [2003] shown for comparison; (f) Density field for serpentinite (used for the calculations of Figure 11 ). For the mantle, not shown here, the chemical composition of Hofmann [1988] was used.
interval of 100 MPa for pressure and 5°C for temperature. The mineralogical composition and hence density are reevaluated every 10 4 time steps ($200 ka) according to the current P-T conditions within PARA(O)VOZ. These new effective density values (r eff ) subsequently affect, during the experiment, both the mechanical equations ((A1) and (A4)) and the heat equation (A3). Equivalent stresses are applied to the elements to account for volume-density changes associated with the metamorphic transitions.
Tracking P-T-t Trajectories
[20] The compressible full stress formulation of PARA (O)VOZ allows the computation of P-T-t paths because the pressure is calculated as the trace of full stress tensor rather than on the base of common lithostatic assumptions (i.e., P = rgz). PARA(O)VOZ solves the governing equations ((A1) -(A7), see Appendix A) in Lagrangian framework (i.e., following the particle paths). However, geodynamic problems require modeling of both, very large strains and displacements. Hence to preserve the numerical accuracy, it is necessary to remesh the Lagrangian grid as soon as it becomes critically distorted. Remeshing of discrete parameter fields such as material phase numbers may induce artificial, nonphysical displacements of the material. To overcome this problem, a dense passive marker array (nine markers per element) was used to keep track of the material field, pressure and temperature with time, as a supplement to the main Lagrangian grid. For each mesh element (Figure 4a ), four markers are placed at the nodes of each element, one at the barycenter of the element, and four others at the barycenters of the four subtriangles constituting the element. A total of 394840 markers are thus distributed within the model space. Within the Lagrangian finite volume mesh of PARA(O)VOZ, composed of quadrilateral elements subdivided onto overlapping pairs of triangle subelements, the computational cost of tracing particles is minimal because the trilinear shape functions of the triangular subgrid allow for fast detection of the element containing a particular marker and for interpolation of the corresponding grid values to the marker (see Appendix C).
[21] Interpolation of the parameter fields associated with the remeshing is a common source of numerical diffusion. This specifically applies to the interpolation of the discrete Table 2 ) and localization of the affected part of the model with respect to the initial one.
parameter fields such as the numbers of material phases (the term ''phase'' identifies a particular material type and points to a set of rheological parameters, physical properties and a bulk chemical composition specific to this material (see Table 1 )). To minimize the numerical diffusion, the initial material phase for each marker is stored in memory, starting from the initial calculation step. During remeshing, each new grid element receives the predominant phase of the markers found inside this element. A similar approach is used for other element quantities. During our experiments, about 70% of all markers were ''stable'', i.e., never changed their initial phase number.
[22] Because of the large number of passive markers (nine Â number of elements), post processing becomes a computing issue. The strategy used here consists in (1) eliminating the ''unstable'' markers, (2) representing only one marker per element (preferably the central one), and (3) limiting the processing to the elements that were initially located in the area of interest (spanning between 300 x 1000 km and 0 z 250 km, Figure 5 ). This method is less sophisticated than that used by Rudolph et al. [2004] or Gorczyk et al. [2006] but is sufficient for our study.
Model Setup
Initial Geometry and Geotherm
[23] We aim at testing the evolution of an accretionary wedge resembling that of the Schistes Lustrés complex. For this reason, the initial geometry of the model corresponds to a supposed Alpine configuration at about 65 Ma. In all our experiments, a large ''model box'' 1500 km in height Â 400 km in width ( Figure 4a ) with a spatial resolution of 3 Â 3 km, is used in order to minimize boundary effects. We assume that oceanic subduction is already initialized with a dip of 35°. The use of this low value of dip is justified by the fact that no trace of back-arc extension is observed [e.g., Heuret and Lallemand, 2005] in the western Alps at this time [Le Pichon et al., 1988; Stampfli et al., 1998 ].
[24] For the input lithologies (Table 1) , we use the flow properties of olivine to simulate both mantle and oceanic crust. The use of a single rheology for the mantle and the oceanic crust is justified by the fact that the oceanic crust is thin and composed of gabbros and basalts, whose flow properties are close to those of olivine [Kohlstedt et al., 1995; Mackwell et al., 1998 ]. Besides, since the major part of the oceanic crust remains brittle, its flow properties are of secondary importance. The continental crust and sediments are simulated using quartz rheology (= granites and granitoids). In addition, several experiments described in section 6.3 tested the effect of stronger lower crustal lithology (diabase) and of stronger or weaker sediments.
[25] In subduction zones, the downward translation of cold slab material produces complex thermal structures [Royden, 1993; Davies, 1999] . In our model, the input thermal structure relies on the conventional oceanic geotherm for the oceanic part (left side) of the model ( Figure 5 and Table 1 ) considering a 100 km-thick lithosphere with a basal temperature of 1330°C. The continental part (right side) is based on the plate cooling model modified from Parsons and Sclater [1977] assuming a multilayer cooling half-space with thermal age of 160 Ma. This age accounts for the thermal rejuvenation due to the spreading of the Tethyan Ocean in the middle Jurassic . Radiogenic production in the continental crust and advection of radiogenic heat sources are also taken into account (see section 6.1).
Uncertainties of the Creep Laws and the Choice of Creep Parameters
[26] The main advantage of our explicit approach in terms of handling rheology lies in the fact that elasticity, plasticity and non-Newtonian viscosity are accounted for at minimum numerical cost (Appendix A). We can therefore interpret a posteriori the effective behavior of the modeled lithosphere instead of attributing a priori a simplified rheology to each of the tectonic units of the models, and avoid usual Only one of these is changed at a time in each experiment ( Table 2 ). References for viscosity parameters (n, A, and E) are from R and M [Ranalli and Murphy, 1987] , S and K [Shea and Kronenberg, 1992] , G and E [Goetze and Evans, 1979] , and C and T [Carter and Tsenn, 1987] . Abbreviations are k: thermal conductivity; c: thermal diffusivity; and k eros : erosion coefficient. Thermal model used is also recalled: T s = 0°C; T l = 1330°C; H s = 9.5 Â 10 À10 W kg À1 ; h r = 10 km, with T s : initial temperature at the top of the model; T l : initial temperature at the base of the thermal lithosphere; H s : surface heat production; and h r : radiogenic decay depth. 
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simplifications such as neglecting elasticity, simplified failure criterions or fixed or only temperature-dependent viscosity.
[27] Besides, contrary to some common ideas, the choice of a visco-elasto-plastic rheology does not result in an increase of the number of variable rheological parameters. In the real lithosphere, the Poisson's ratio is constant (0.25), the Young modulus does not vary by more than one order of magnitude, and these values are commonly kept constant in elastic models of the lithosphere [e.g., Turcotte and Schubert, 2002] . The brittle plastic Byerlee's law [Byerlee, 1978] suggests a nearly invariable friction angle (30°-33°) for all crustal rocks, while cohesion values only differ for nearsurface rocks. Consequently, the number of variable rheology parameters in our visco-elasto-plastic model is the same as in much simpler rheology models such as ductile viscous models.
[28] The only strongly varying and badly constrained rheological parameters of the model refer to the ductile creep flow [e.g., Burov and Watts, 2006] . Creep parameters A, n, H (Table 1 , Appendix A, and equation (A6)) usually come from the ''classical'' rock mechanics studies [e.g., Goetze and Evans, 1979; Carter and Tsenn, 1987; Ranalli and Murphy, 1987; Shea and Kronenberg, 1992] or from more specific studies that take into account the effects of fluid content, pressure and/or water fugacity [e.g., Karato et al., 1986; Karato, 1998; Mackwell et al., 1998 ]. Kohlstedt et al. [1995] and Burov and Watts [2006] pointed out, however, that despite the recent improvement of internal precision of rock mechanics data, no progress was made in reducing the uncertainties of their application, either to simplest bimineral aggregates or to geological time and space scales. Owing to the lack of significant difference between the new and old data for leading lithospheric lithologies [Burov and Watts, 2006] , specifically if one takes into account the huge scatter due to the unknown fluid content and mineralogical composition, we have chosen to ''stick'' to the ''classical'' data sets.
[29] In the deep mantle domain, we use large values of cohesion for the mantle and asthenosphere (see Table 1 ) in order to force these visco-elasto-plastic materials to behave visco-elastically (or, in fact, viscously, if one takes into account small Maxwell relaxation times at such depths) without changing the basic visco-elasto-plastic constitutive model. Switching-off plasticity in the deep mantle is not compulsory but avoids ''fake'' brittle localization at great depths since it is known that Mohr-Coulomb or DruckerPrager plasticity is not applicable for rocks at large confining pressures [e.g., Ranalli, 1995] .
[30] The use of olivine instead of diabase for the oceanic crust is justified by the fact that their ductile strengths fields are largely overlapping [Mackwell et al., 1998 ], and that a large part of the oceanic crust remains near the surface and deforms in the brittle regime, which is independent of rock type.
Boundary Conditions and Assumptions
[31] In our model, we reproduce the boundary conditions used in most analogue models (Figure 4a ), except that we account for surface processes (the upper boundary condition is a free surface exposed to erosion and sedimentation). The surface processes are modeled using the linear diffusion equation (A7) (Appendix A) with an erosion coefficient of 3000 m 2 yr À1 derived for corresponding settings in Avouac and Burov [1996] .
[32] In order to avoid artificial prescription of internal evolution, particularly within the accretion wedge, depthinvariable velocity boundary conditions (2 Â 0.75 to 2 Â 3 cm yr À1 ) were applied on the lateral sides of the model, in the same way as a moving rigid wall is used in analogue models [e.g., Chemenda et al., 1995] . The alternative choice would be to apply boundary forces or velocity to the lithosphere alone, yet this would imply neglecting plate parallel mantle convection or mantle down-flow in subduction zones, or the influence of the deep mantle drag. This would also require prescribing the degree of plate-mantle coupling, which is a largely unknown parameter.
[33] The lower boundary condition corresponds to Winkler's basement with a low-density contrast (10 kg m À3 ) and replaces the unmodeled deep mantle. The model is thus considered to overly an infinite space filled with a perfect fluid. When shortening occurs, the effect of the downward movement of the Winkler's basement is similar to that of the uprise of the mean surface in some analogue models, or of the outflow of the ''excessive asthenosphere'' through specially made holes in some others. The experiments were stopped when the lithosphere reached the 650 km depth, to avoid dealing with the upper-lower mantle phase transitions.
[34] We are aware of the fact that there is so far no ideal, or geologically plausible and physically consistent, model of the collision-subduction processes. We feel, however, that the application of shortening or basal shear to the lithosphere only, or the introduction of a specific S-point forcing the subduction [e.g., Beaumont et al., 1999 , Pfiffner et al., 2000 , would produce more errors than our choice. This choice is also compatible with previous analogue and many numerical models.
Fixed and Variable Parameters
[35] The initial geometry of the model (Figure 4a ) did not change from one experiment to another. The influences of parameters such as subduction dip, oceanic geotherm or erosion rate have not been tested in this study. Nine other parameters such as initial age, density or rheology ( Figure 4b and Table 2 ) were modified one by one in order to study their influence on the accretionary processes.
Thermal Properties for the Ocean and Sediments
[36] As mentioned in section 5.1, the thermotectonic age of 160 Ma accounts for thermal rejuvenation due to spreading of the Tethyan Ocean in the middle Jurassic [Lemoine et al., 1986] . However, if one suggests that the degree of rejuvenation was less important, then the initial geotherm could rather correspond to the initial (Permian) age of the continental plate, i.e., $250 Ma. For this reason, we tested the influence of both end member thermal ages for the continental plate (Jurassic and Permian). The age of 160 Ma ( Figure 5 ) was used for the Std simulation and the age of 250 Ma has been used for the Ta_250 experiment.
[37] The thermal conductivity of sedimentary materials was another variable parameter. In nature, it fluctuates from , and a twice higher value was also tested in the high thermal conductivity (Htc) experiment.
[38] The internal heat production (Appendix A) of crustal rocks is computed assuming common exponential distribution with depth, with the decay length, h r , of 10 km and surface heat production, H s , of 9.5 Â 10 À10 W kg
À1
[e.g., Turcotte and Schubert, 2002] . THERIAK computes the equilibrium densities of the rocks for given P-T conditions. For the experiments without THERIAK, thermal expansion, a, was set to the representative mean value of 3.1 Â 10 À5 K À1 [Turcotte and Schubert, 2002] . For computation of the initial geotherms, we also used commonly referred values of thermal diffusivity (Table 1) [39] Densities for all material phases were computed using the THERIAK code (Figure 3 ) [De Capitani, 1994] . In order to test the influence of sedimentary density and bulk composition on the behavior of the accretionary wedge, two different pelitic assemblages were considered [e.g., Spear, 1993] . Aluminium-rich pelite 1 corresponds to a simplified assemblage made of 3 phengite + 1 garnet + 1 chlorite + 1 chloritoid and is used in the Std simulation. Pelite 1 shows a density evolution indistinguishable from the one calculated for the pelite of Bücher and Frey [1994] . Aluminium-poor pelite 2 is made of 2 phengite + 1 garnet + 1 chlorite + 2 biotite and is slightly denser than pelite 1 (Figure 3) . Pelite 2 was used in the ''Pel'' simulation. These two pelites show values comparable to previous density estimates (Figure 3e ) for natural pelites [e.g., Goffé et al., 2003 ]. Figure 8 . Markers at the bottom of the accretionary wedge, located just at the top of the oceanic crust, are buried at depth in the subduction channel where the major part of the strain occurs. These particles never come back to the surface. The strain rate is also high where particles are being exhumed. In the middle of the wedge, strain rates are lower and coincide with a lower rotation velocity of particles.
Density of Sediments
Rheological Parameters
[40] The effective rock viscosity h eff (A6) depends on the strain rate, stress, temperature and rheological parameters (n, A and H) that were assigned according to the mineralogical composition and the assumed fluid content of the phase. As the fluid content is only implicitly included in the ductile creep parameters, we tested its influence by varying the preexponential parameter A. Hence in the experiment Vis_m, which explores a stronger lithosphere configuration, A of the lithospheric mantle was reduced by a factor of 10. In order to test the influence of the sediment viscosity on the behavior of the accretionary wedge, the parameter A (A6) was multiplied by a factor of 10 in the experiment Vis_s. Another weak material (Table 1) , with rheological parameters of schist [Shea and Kronenberg, 1992] has also been tested (Exp. Sch).
[41] Several authors have recently suggested that at least a part of the lower crust may deform in brittle regime [Déverchère et al., 2001; Jackson, 2002] . For this reason, model sensitivity to variations in the lower crustal strength has been also addressed by running and comparing two additional experiments. In the first experiment, quartz flow law parameters were inferred for the lower crust (exp. Qtz). In the second experiment (exp. Std), the lower crust had diabase flow law parameters. Figure 6 shows yield strength envelopes of oceanic lithosphere, continental lithosphere, and accretionary wedge for each set of experiments.
Convergence Rates
[42] Convergence rates inferred for the western Alps vary between 1 and 2 cm yr
À1
. However, in most oceanic subduction zones worldwide, convergence rates are higher ($4-15 cm yr
; e.g., 4-5 cm yr À1 for the Cascades subduction zone on average since the Cretaceous [Engebretson et al., 1985] ). Consequently, in order to account for possibly higher initial convergence rates in the Alps, we tested three values of the convergence rate: moderate (3 cm yr À1 for the Std simulation), high (6 cm yr À1 for the experiment Hvel), and low (1.5 cm yr À1 for the experiment Lvel).
Results
[43] In all experiments, the convergence is mainly accommodated in the simple shear mode through subduction of the oceanic lithosphere, and the continental lithosphere only moderately deforms in the pure shear and bending/folding modes ( Figure 5 ). The oceanic sediments circulate within the accretionary wedge (Figures 7 and 8) , whereas the oceanic crust and mantle never return to the surface after burial. The presence of a free surface at the top of the model permits us to follow the evolution of topography due to erosion and sedimentation. In all experiments, the difference between the elevation of the subduction trench and the continental topography never exceeded 7 km as shown in Figure 5c for the Std experiment. The maximal above-sea level topography was $3-4 km, which is in agreement with present-day subduction zones.
Reference Experiment
[44] The large-scale evolution predicted within a representative reference experiment is shown in Figure 5 . We briefly report here several observations that are useful for further comparison with other experiments. In this standard experiment, the accretionary wedge and thermal structure remained steady for at least 20 Ma (we call a wedge ''stable'' if its geometry does not significantly deviate from its initial shape; see dashed white lines on Figure 6 ). Strain is well localized along the subduction channel (Figure 7) . Once the incoming particles reach depths >40 -45 km (Figure 8 ), they are forced back to the surface, whereas the units buried at lesser depths tend to circulate within the accretionary wedge. Exhumation P-T-t paths predicted for the metasediments within the accretionary wedge ( Figure 9 ) appear to be close to the natural ones (from $15-20 kbar and 350-400°C to the surface). Exhumation rates <4 mm yr À1 after 5 Ma are also in agreement with natural data (Figure 2b ).
Evolution of the Accretionary Wedge Morphologies
[45] The effects of the different tested parameters are presented with respect to the reference experiment Std (Figure 5 ). To compare morphological structures of the wedge obtained in different experiments, we measure their ''ability'' to preserve their original shape. In all experiments that reproduce a stable wedge evolution, the characteristic time for a sedimentary particle to travel from the surface to the bottom of the wedge is on the order of 10 to 15 Ma (Figures 7 and 8) .
Influence of the Thermal Age and Mantle Rheology
[46] The morphological evolution of the wedge for experiments Ta_250 (continental thermal age of 250 Ma), Vis_m (material parameter A of the lithospheric mantle reduced by a factor of 10) and Htc (thermal conductivity in sediments multiplied by a factor of 2) is similar to Std. The experiments show that the variation of the thermal age from 160 to 250 Ma, or an increase of the lithospheric mantle viscosity by a factor of 10, or the presence of twice more conductive sediments, have little influence on the morphology and stability of the wedge. The similar evolution of models Ta_250 and Vis_m results from the fact that (Figure 8b ), the deflection of the marker grid shows two types of motion; part of the material is buried at depth and never returns to the surface, while particles initially lying at the bottom of the wedge (red ellipse) come back to the surface in 10 Ma (green and red circles). New sediment inputs (meshes without markers) are buried at depth. This burial of new material (gray arrow) is well delimited by the marker line corresponding to the initial model box surface. It reaches the corner zone where the first markers were exhumed from Figure 8b increasing the thermal age leads to a colder mantle geotherm and consequently to a more viscous lithospheric mantle.
Influence of Crustal Rheology
[47] A weak lower continental crust (exp. Qtz) has a crucial effect on the stability of the accretionary wedge because this induces a decoupling zone between the upper crust and mantle lithosphere. The accreted sedimentary material in the wedge cannot be pressed upward along the soft hanging wall of the wedge and remains largely at depth (Figure 6j ).
Influence of the Convergence Rate
[48] The experiments show that a high convergence rate (6 cm yr À1 ) induces resorption of the accretionary wedge from 10 Ma onward (Figure 6e , exp. Hvel). Yet, a too low convergence rate (1.5 cm yr À1 ) prevents continued subduction for a period longer than 10 Ma and the accretionary wedge cannot be preserved in this case (Figure 6f , exp. Lvel). The system is most stable at intermediate convergence rates on the order of 3 cm yr À1 (Figure 6b , exp. Std).
Influence of the Mineralogical Composition
[49] The experiments suggest that a dense, aluminiumpoor pelite (Figure 3 ) prohibits formation of a stable accretionary wedge (Figure 6d , exp. Pel). In this experiment, most of these dense sediments are buried at depth and the size of the accretionary wedge decreases rapidly. A similar resorption phenomenon occurs when the viscosity of sediments is decreased by a factor of 10 (Figure 6i , exp. Vis_s). Hence low-density and/or high-viscosity sediments enhance the accretionary wedge stability.
Computed P-T-t Paths and Exhumation Rates
[50] The analysis of synthetic P-T-t paths obtained from the markers placed in the accretionary wedge (Figure 9a ) permits to evaluate the compatibility of the models with petrology data. In steady wedge experiments (Std, Ta_250, Htc and Vis_m), more than 30% of the sedimentary particles reach the Schistes Lustrés P-T conditions (Figure 9a, SL%) . Among them, 30 -36% are exhumed to the surface, except for the experiment Ta_250, for which this proportion reached 51%. In the other experiments (i.e., exp. Pel, Hvel, Lvel, Qtz, Vis_s, Sch., Figure 6 ), only Hveland Vis_s have similar characteristics. The Pel, Lvel, Qtz, Sch experiments show P-T-t paths that are globally too ''hot'' or predict insufficiently low pressure conditions.
[51] Exhumation rates for the experiments best fitting the natural P-T paths (i.e., Std, Ta_250, Htc and Vis_m, Figure 10b ) range from 1 to 16 mm yr À1 (Figure 10 ). Convergence rates greatly affect exhumation rates (Figure 10c ), with exhumation rates of up to 20 mm yr À1 in fast convergence experiments (exp. Hvel). Exhumation rates decrease drastically after 5 Ma. The early, fast exhumation stages are probably controlled by transient, initial conditions (e.g., initial morphology, thermal profile) before a steady state is achieved, as shown by the thermal stabilization of the accretionary wedge after 5 Ma (Figure 5b ). Values obtained afterward vary from 1 to 6 mm yr À1 (between 5 and 8 Ma) and decrease below 1 mm yr À1 after 12 Ma.
Discussion
[52] The following key output parameters are compared here with natural data: metamorphic thermal gradients, maximum depths reached in the wedge, the shape of the P-T loops, the characteristic timescale of metamorphism, and exhumation rates and their evolution with time.
Fit With the Petrology-Based Data From the Schistes Lustrés Complex
[53] Metamorphic thermal gradients obtained in the experiments range between 5 and 8°C km À1 (Figure 9 ), which is close to the 8°C km À1 deduced for the western Alps [Agard et al., 2001] . One of the recurrent problems with model-predicted P-T-t paths is that the buried paths are apparently too cold with respect to the estimates derived from petrology data [Peacock, 1996] . For example, the temperatures estimated by Gerya et al. [2002] and Stöckhert and Gerya [2005] also tend to be lower than the ''natural'' ones by approximately 50-100°C. Our model too does not make an exclusion here (Figure 9b ). Several explanations of this common disagreement can be proposed: (1) Some of the coldest paths may exist in nature but are not observed in the field, because the corresponding particles do not reach the surface, (2) the amount of radiogenic heatproducing elements is uncertain and may be underestimated, (3) thermal blanketing may be more important in the wedge than it is accounted for in the models [e.g., Goffé et al., 2003] , and (4) frictional shear heating, which would raise the temperature, has been switched off in our experiments (this was done because of the large uncertainty on the value of the energy conversion efficiency multiplier frac (Appendix A). Indeed, although thermal conversion efficiency is known to be high for rapid movements (T can locally rise by $200°C), shear heating is unlikely to be important for the slow convergence movements studied here). On the other hand, there is growing evidence from petrology data that cold P-T paths between 5 -8°C km À1 exist in nature [e.g., Tsujimori et al., 2006] .
[54] Several of our experiments produce realistic morphologies and synthetic P-T-t paths, with isothermal to Figure 9 . (a) P-T-(t) conditions computed by numerical modeling for rocks exhumed in the various experiments. The red, green, and blue dots correspond to P-T outputs at 1, 6, and 11 Ma, respectively. The gray area recalls the P-T domain documented for the paleoaccretionary ''Schistes Lustrés'' metapelites ( [Agard et al., 2001 [Agard et al., , 2002 ; ''SL box'' of Figure 2a) . Percentages refer to the fraction of all stable markers entering the SL box (SL%) and to the fraction of them which are exhumed to the surface (Exh%). (b) P-T constraints for all markers in the wedge. Shaded lines are lowermost temperatures seen by the particles along the burial path in a given experiment. The better the stability of the wedge (see Figure 6) , the hotter the low-T boundary of burial paths. Symbols and idealized paths show peak P-T conditions reached by the particles turning in the wedge (P-T loops).
slightly cooling decompression P-T loops resembling those of the SL complex (Figure 9a ). This is particularly the case for the dense, high-viscosity sediments, for which the number of marker points crossing the SL box reaches $35% (Figure 9a ). These paths (Figure 9 ) show correct maximum P-T values ($20 kbar, $350 -450°C) for all models except for the model with a high-density, aluminium-poor pelite (exp. Pel). For the model with a weak lower continental crust (exp. Qtz), the fact that the sediment particles stay at depth explains the ''hotter'' values obtained. The best values are again those obtained in the model with the 250 Ma-old continental plate (exp. Ta_250).
[55] Our results show that a stable oceanic accretionary wedge such as the one documented for the Liguro-Piemontese Ocean [Schwartz et al., 2000a; Agard et al., 2001 ] is neither compatible with the presence of a weak lower continental crust (Figure 6j , exp. Qtz) nor with large or very slow convergence velocities. Only convergence velocities close to 3 cm yr À1 (Std simulation) allow for steady state accretion. This value corresponds to average convergent rates inferred from mean worldwide expansion rates over the last 180 Ma ($2.6 cm yr À1 [Cogné and Humler, 2004] ), but is a little high for the western Alps ($2 cm yr À1 [Le Pichon et al., 1988] ).
[56] During the initial transient period of 5 Ma, calculated exhumation rates ($1-20 mm yr À1 , Figure 10 ) are larger than those inferred from petrological data ($1 -5 mm yr À1 , Figure 2b ). After this period, however, these rates decrease to $1 -6 mm yr À1 (Figure 10 ) and become comparable to ''petrological'' ones. The agreement between the predicted and inferred exhumation rates can be considered as good, given the uncertainties arising from (1) the scatter in pressure estimates ($1 -2 kbar), (2) the scatter in phengite closure temperature ($50°C at least [Villa, 1998 ]), (3) the excess of nonradiogenic argon in natural samples [e.g., Scaillet, 1996] (see discussion in section 2.2), and (4) the choice of a thermomechanical model setup.
[57] Our results indicate that processes of burial and exhumation to the surface occur within 10-15 Ma, which suggests that cyclic burial-exhumation processes may exist in the sedimentary wedge. Such cycles could account for the fact that radiometric ages of the SL complex mainly span the range of 38-55 Ma (Figure 2b ), though subduction started at $100 Ma in the western Alps. We speculate that the SL complex may represent sediments buried and exhumed toward the last stages of oceanic subduction, whereas earlier sediments were already exhumed and eroded.
Parameters Controlling the Exhumation of the Oceanic Crust
[58] The major disagreement with natural observations refers to the fact that no exhumation of the oceanic crust took place in our experiments. Although voluminous parts of the accretionary wedge are generally devoid of oceanic crust (SL complex, Figure 1a , inset), large metamorphosed oceanic crustal bodies are also found in close association with serpentinites [e.g., Guillot et al., 2004] , mainly to the east of the SL complex (e.g., Zermatt-Saas, Monviso; see section 2.2).
[59] For this reason, we designed a set of complementary experiments to investigate the conditions allowing for the detachment of the oceanic crust from the mantle and for its incorporation into the accretionary wedge, with the possible help from serpentinization. This is also justified by the existence of seafloor alteration and extensive hydrothermal activity, and the fact that the Liguro-Piemontese Ocean was a low-spreading ocean with seafloor serpentinized peridotites [e.g., Lagabrielle and Cannat, 1990] . We therefore have run three versions of the Std experiment, assuming (1) a weaker rheology for the oceanic crust (exp. Oc_1), (2) a decollement level below the oceanic crust (exp. Oc_2), and (3) a serpentinite layer below the oceanic crust (exp. Oc_3).
[60] In Oc_1 experiment, parameters are the same as for the Std experiment, except that the oceanic crust is weaker (viscosity parameter A multiplied by 1000). In experiment Oc_2, a weak, 6 km thick layer with constant viscosity of 5.10
19 Pa s was introduced below the oceanic crust ( Figure 11 ). All others parameters are the same as in the Std experiment. Parameters in experiment Oc_3 are the same as exp. Oc_2 but serpentinite density is taken into account (Figure 3f ). Note that the material used in the experiment Oc_2 does not correspond to any physical reality but allows us (by comparing it with the experiment Oc_3) to test which parameter, viscosity or density, is the most influential.
[61] The results presented in Figure 11 show that no exhumation of oceanic crust occurs in Oc_1, which resembles the results of the initial Std experiment. Only a limited exhumation from depths of $20-30 km occurs in Oc_2, where slab breakoff ultimately develops. A major change occurs in Oc_3, for which density changes in the serpentinite layer (computed with THERIAK, Figure 3f ) are taken into account. Figure 11d shows that the serpentinite layer and a part of the oceanic crust detach from the slab, accumulate in the wedge above the BAW and then partly return to the surface.
[62] The key results of experiment Oc_3 are the following: (1) A part of the oceanic crust, closely associated with serpentinites, returns to the surface at the rear of the wedge, from depths of 40-50 km, (2) most of the serpentinite layer is forced back to the surface after reaching the depths of 70-100 km (Figures 11d and 11e) , (3) P-T paths comparable to those of Monviso and Zermatt-Saas (yet slightly colder) are obtained for markers located in the serpentinite (Figure 11e ), (4) exhumation rates are on the order of 3 mm yr À1 , and (5) the exhumation of oceanic units is not chiefly controlled by the presence of a low-viscosity material; rather, the volume forces and density contrast at depth between the serpentinites and the wedge matrix seem to play an important role.
Comparison With Previous Models of Subduction Wedge Processes
[63] Thermomechanical models of subduction wedges were recently implemented in a number of studies with emphasis on the return flow [Allemand and Lardeaux, 1997] , reaction kinetics [Guinchi and Ricard, 1999] , deformation modes Ellis et al., 1999] , density contrasts [Doin and Henry, 2001] , radiogenic heat production , deep exhumation and rheological and density changes due to metamorphic reactions [Burov et al., 1999] or hydration-dehydration processes and shear heating [Gerya et al., 2002; Stöckhert and Gerya, 2005] . Reasonable exhumation rates ($3 mm yr À1 [Guinchi and Ricard, 1999] ; $1 mm yr À1 [Allemand and Lardeaux, 1997] ) and P-T paths were obtained, but the exhumation was kinematically prescribed by the model geometry, and many other assumptions and simplifications limit the applicability of these models to other cases.
[64] In this section, our results are compared with the currently most elaborated, essentially ''self-organizing'' thermomechanical exhumation models of Gerya and coworkers (hereafter GCW: [Gerya et al., 2002; Stöckhert and Gerya, 2005] ). GCW models and our models are broadly similar in that they reproduce the corner flow processes and circulation in the subduction channel [e.g., Cloos, 1982] , and in that the predicted P-T conditions correctly reproduce the real Alpine P-T paths. The novel features of our experiments refer to the fact that the modeled area is significantly larger, that subduction is not kinematically preimposed and that the surface processes and density changes are taken into account (although it is the case of some of GCW models). The rheology is also explicitly elastic-plastic-viscous and there is no preimposed softening mechanism (e.g., mantle hydration).
[65] Apart from these technical differences, there are also a number of other important differences between the two approaches.
[66] 1. The lateral size of the accretionary wedge in our experiments is significantly larger than in GCW experiments (<10 km). In GCW experiments, the exhumed sediments are dispersed within the oceanic crust as they return to the surface (except for experiments where the degree of serpentinization is low [Gerya et al., 2002, Figures 8 and 9] . Much less mixing occurs in our models, even in the experiment Oc_3, which is, we believe, more compatible with the observed extensive metasediment occurrences largely devoid of mafic bodies (Figure 1a , inset; section 2.2).
[67] 2. GCW obtain greater exhumation rates ($5 -40 mm yr À1 [Gerya et al., 2002] ) than in our experiments ($1-6 mm yr À1 for the steady part, Figure 10 ). The latter is more compatible with exhumation velocities on the order of 1-5 mm yr À1 for accretionary wedge material in the Alps (Figure 2b ). (e) Exhumation P-T-t path associated to the exp. Oc_3.
[68] 3. Contrary to the GCW models, no exhumation of the oceanic crust takes place in our experiments, except when we introduce a weak serpentinite layer at the base of the oceanic crust (exp. Oc_3; see section 8.2). The ability of the oceanic crust to detach from the slab in the GCW experiments stems from the choice of a weak crustal rheology, equivalent to that of serpentinite [Gerya et al., 2002, Figure 2] .
[69] 4. Our results demonstrate that exhumation in the accretionary wedge is feasible even without the help from the serpentinization processes. On the other hand, the softening role of serpentinite, either from the slab (this study; exp. Oc_3) or from the mantle wedge (GCW experiments), greatly facilitates the exhumation of the oceanic crust. Our experiments therefore account for the fact that in the Alpine case, serpentinite bodies are rare in the SL complex and mainly restricted to eclogitic oceanic units [e.g., Schwartz et al., 2000a Schwartz et al., , 2001 .
[70] 5. Our experiments imply much less continental crustal deformation than Stö ckhert and Gerya [2005, Figure 2 ]. These authors argue that the very soft behavior of the crust in their model reproduces the large folds of the central Alpine crystalline nappes [e.g., Argand, 1924] . These folds, however, are known to have formed long after subduction, at 30 -25 Ma [Ballèvre and Merle, 1993; Stampfli et al., 1998 ] and demonstrate much less rollingup than modeled by Stöckhert and Gerya [2005] .
Applicability to Other Oceanic Accretionary Wedges
[71] Our results can be compared with the burial and exhumation of the HP-LT rocks from the Franciscan Complex, for which a wealth of data are also available. Franciscan rocks represent the prototypical, sediment-rich, fossil accretionary wedge of the east dipping subduction zone operating from $170 to 100 Ma [Cloos, 1985; Ring and Brandon, 1999; Anczkiewicz et al., 2004] at the origin of the Sierra Nevada (California) batholith formation [Ernst, 1970] . Although the Franciscan subduction was more rapid than the Alpine subduction [Engebretson et al., 1985] and was not followed by collision, some interesting similarities with the Alpine case stand out:
[72] 1. A marked contrast exists between the essentially metasedimentary units, composed of coherent tracts of clastic blueschists [eastern belt ; Cloos, 1982 Cloos, , 1985 Ernst, 1993] , and the more internal mud matrix melange where high-grade blueschist and eclogite mafic blocks (knockers) are found in serpentinite diapirs [Oh and Liou, 1990; Wakabayashi, 1990; Krogh et al., 1994] . The eastern belt is analogous to the Schistes Lustrés [Agard et al., 2001] , whereas the melange recalls, yet in a more discontinuous fashion [Bücher et al., 2005] , the oceanic crustal bodies and serpentinites of Monviso [Guillot et al., 2004] .
[73] 2. Similar P-T gradients are found for Franciscan rocks from the eastern belt but they reached lower maximum P-T values (e.g., $8 kbar, 200-250°C for the Diablo range [Ernst, 1971 [Ernst, , 1993 ). One can speculate that either the Franciscan wedge was shallower or that the deepest seated rocks are not exposed, probably due to the lack of subsequent collision.
[74] 3. Exhumation velocities on the order of 0.5-1 mm yr À1 (mostly erosion-driven, arguably; [Ring and Brandon, 1999] ) were comparable, yet slightly slower for the Franciscan complex. In general, exhumation mechanisms in accretionary wedges result from a combination of underthrusting and underplating (thus leading to effective circulation in the wedge, whether or not assisted by corner flow), erosion and tectonic thinning [Platt, 1986 [Platt, , 1993 . Our predicted rock circulation from Figure 8 is compatible with such processes, but a detailed discussion of the geometry of rock circulation in the wedge [e.g., Kimura et al., 1996; Ring and Brandon, 1999] is beyond the scope of the present paper.
[75] 4. The Franciscan subduction zone is known to have cooled during a transient period which lasted $10-15 Ma [Peacock, 1987; Anczkiewicz et al., 2004] , whereas this period lasts only $5 Ma in our experiments. Radiometric constraints for the high-grade blocks corresponding to the oceanic crust suggest, as for the western Alps [Bücher et al., 2005] , that they were not exhumed continuously during the subduction process. Contrary to the Alps, however, they apparently detached from the lower plate during the early stages of oceanic subduction [Cloos, 1985; Anczkiewicz et al., 2004] .
[76] Comparable exhumation velocities are found for the paleoaccretionary wedge of south central Chile (0.6 mm yr À1 [Glodny et al., 2005] ). Exhumation-related P-T data are unfortunately lacking for most large-scale accretionary wedges such as the Shimanto wedge [Miyazaki and Okumura, 2002] , the Makran [McCall, 1997] , and the Barbados.
Should Overpressure Be Neglected at Depth?
[77] Passive markers permit the tracking of the evolution of pressure with depth ( Figure 12 ) and the estimation of the magnitude of overpressure or underpressure with respect to the lithostatic pressure [Kamb, 1961; Blake et al., 1967; Brace et al., 1970] . This question was previously addressed by Mancktelow [1995] , who considered Bernoulli's dynamic overpressure effect in a subduction channel narrowing with depth and bounded by rigid hanging wall and footwall. Petrini and Podladchikov [2000] estimated the possible static and dynamic overpressure that may be built up if the lithosphere is squeezed in pure shear collision mode (i.e., without subduction channel). Both Mancktelow [1995] and Petrini and Podladchikov [2000] suggested that the total pressure can reach levels as high as twice the lithostatic pressure P l = rgz. This problem is of fundamental importance for petrology as it challenges the common method of the estimation of exhumation depth z from pressure assuming the lithostatic pressure gradient:
[78] Pressure is explicitly computed in our experiments as the total pressure (1/3 of the trace of the full stress tensor). This allows us to verify the applicability of the lithostatic hypothesis (2) doubted in the above-mentioned studies.
Comparison of the total pressure and P l (Figure 12) shows that, down to the depths of 70-80 km inside the accretionary wedge, the lithostatic approximation is valid except for the model with a low convergence rate (exp. Lvel). These results recall those already obtained by Burg and Gerya [2005] . Within the depth interval of 80 -150 km, small underpressures and overpressures (max = 10%) occur in the subduction channel. As the depth interval of 80-150 km does not correspond to that of the blueschists, but rather to the eclogite facies, we infer that tectonic overpressure may be neglected in the interpretations of HP rock exhumation during oceanic subduction. In the experiments, important overpressures may nevertheless be observed outside the subduction channel, inside the competent cores of the subducting and overriding plate as also shown by Toussaint et al. [2004] .
Conclusion
[79] The synthetic P-T-t paths predicted by our thermomechanically and thermodynamically coupled model can be directly compared with the P-T-t paths inferred from the petrology data. This allows new constraints to be placed on the thermomechanical conditions in subduction settings, and better interpretations and validations of the P-T-t paths inferred from the petrology data to be made. The major results ( Figure 13 ) can be summarized as follows:
[80] 1. We have determined the thermomechanical conditions at which stable accretionary wedge morphologies can persist for over 20 Ma. This agrees with the long-term accretion documented for the western Alps. The predicted surface topography evolution, which presents an additional constraint on the model, fits that of the natural oceanic subduction zones with amplitudes lower than 7 km. Predicted accretionary wedge morphologies best reproduce field observations for experiments with a strong continental lower crust and high-viscosity/low-density wedge sediments.
[81] 2. Part of the incoming sedimentary material is buried to middle depths and then dynamically underplated to form a steady state accretionary wedge with a turnover time of burial-exhumation cycles of 10-15 Ma. Within the accretionary wedge, the metasediments follow P-T-t loops that resemble, both in terms of shape (isothermal to slightly cooling paths) and of the predicted P-T conditions (between $15 -20 kbar and 350 -400°C), the well documented Schistes Lustrés fossil accretionary wedge. The smooth, progressive increase of the P-T conditions recorded by the particles is consistent with the metamorphic record in the SL complex [Agard et al., 2001] . Metamorphic thermal gradients around 8°C km À1 are in a good agreement with the natural values for the western Alps.
[82] 3. Exhumation rates for the metasediments, for the period when a thermally steady accretionary wedge is formed (after $3 -5 Ma), range between 1 and 10 mm yr À1 and are <6 mm yr À1 after 5 Ma in almost all experiments. These exhumation rates are comparable to the natural ones for the SL complex based on 40 Ar- 39 Ar dating (1 -5 mm yr
À1
).
[83] 4. Exhumation in a sedimentary accretionary wedge is feasible even without intervening serpentinization processes. This result is in line with the occurrence of extensive, continuous metasedimentary outcrops lacking serpentinites. On the other hand, our experiments also confirm the inferences of previous studies [Gerya et al., 2002] concerning the high potential, when applicable, of serpentinization to ease exhumation processes.
[84] 5. The oceanic crust remains attached to the slab in most of the oceanic subduction experiments, preventing exhumation. The rheology that we have assumed for the oceanic crust may be too strong, compared to the soft rheology used in previous studies [Gerya et al., 2002; Stöckhert and Gerya, 2005] . Exhumation nevertheless takes place when a weak, low-density serpentinite layer is added below the oceanic crust (exp. Oc_3). This mechanism could Figure 12 . (a) Pressure evolution as a function of depth for all experiments. Within the accretionary wedge; that is, above the bottom of the accretionary wedge (BAW, Figure 2c ), no significant over-or under-pressure exists, except for the experiment Pel. At 80-100 km depth the presence of small over-(or under-) pressure can be assigned to the constriction zone in the subduction where stresses are maximum (below the BAW).
account for the exhumation of crustal units spatially associated with serpentinites (e.g., Zermatt-Saas, Monviso).
[85] 6. Exhumation mechanisms for oceanic crustal rocks differ from that of the predominant sedimentary material. Large mafic bodies may have been exhumed either during oceanic convergence, because of the existence of underlying serpentinites, or, on the basis of geological observations, later during the locking of continental subduction and exhumation of the European margin.
[86] 7. Contrary to some earlier ideas, overpressures are negligible within the accretionary wedge. Small overpressures (but also underpressures) can be built up below the subduction channel (at $80-100 km).
Appendix A: Numerical Algorithm
[87] PARA(O)VOZ is a mixed finite volume element/ finite difference numerical code based on the FLAC technique [Cundall and Board, 1988; Cundall, 1989] . It simultaneously solves Newtonian dynamic equations of motion (A1), in a Lagrangian formulation, coupled with viscoelasto-plastic constitutive equations (A2), heat transport equations (A3) and state equation (A4) or its extended thermodynamic version [e.g., Burov et al., 2001; Le Pourhiet et al., 2004] .
assuming adiabatic temperature dependency for density and Boussinesq approximation for thermal body forces:
where u, s, g, k are the respective terms for the velocity, stress, and acceleration due to the body forces and thermal conductivity. The triangular brackets in (A1) specify conditional use of the inertial term: In quasi-static mode, the inertia is dumped using inertial mass scaling [Cundall, 1989] . The terms t, r eff , C p , T, H r , a, frac Â s II @e II /@t are respectively time, density, specific heat, temperature, internal heat production, thermal expansion coefficient and shear heating term. The parameter frac is an experimentally defined multiplier characterizing the efficiency of conversion of the mechanical energy (set to 0 in our experiments). For radiogenic heat production, we use the common relation H r = H s exp(Àz/h r ), where H s is surface heat production and h r is the characteristic decay length with depth z [e.g., Turcotte and Schubert, 2002] . The terms @/@t, Ds/Dt, F are a time derivative, an objective (Jaumann) stress time derivative and a functional, respectively. In the Lagrangian framework, the incremental displacements are added to the grid coordinates, allowing the mesh to move and deform with the material. This allows one to solve the large-strain problems by locally using small-strain formulation: On each time step the solution is obtained in local coordinates, which are then updated in the large strain mode. Volume/density changes due to phase transitions are accounted for through the application of equivalent stresses to the affected material elements.
[88] Solution of (A1) provides velocities at mesh points used for computation of element strains and of heat advection urT (A3). These strains are used in (A2) to calculate element stresses, and the equivalent forces are used to compute velocities for the next time step. Figure 13 . Sketch summarizing the main observations from our experiments. Deepest sedimentary particles (curve 1) close to the oceanic crust are buried down to mantle depths along a cold P-T-t path and never come back to the surface. Particles located just above the BAW at the accretionary wedge basis (curve 2) are exhumed from P-T conditions of 15-20 kbar and 500 -600°C to the surface. At the top (curve 4), exhumation is principally driven by erosion processes and underplating of the material below. Between these two levels, particles (curve 3) are underplated and turn in the accretionary wedge. Their P-T-t path is a loop resembling those documented for the natural samples of the Schistes Lustrés complex (Figure 2a ).
[89] All rheological terms are implemented explicitly. The rheology model is serial viscous-elastic-plastic (Table 1) . The plastic term is given by explicit Mohr-Coulomb plasticity (nonassociative with zero dilatency) assuming linear Navier-Coulomb criterion. By default, we imply internal friction angle f of 30°and maximal cohesion S of 20 MPa, which best fit the experimental Byerlee's law of rock failure [Byerlee, 1978] :
where t is the shear stress and s n is the normal stress. Linear cohesion softening is used for better localization of plastic deformation e p (S(e p ) = S 0 min (0, 1 À e p /e p0 ) where e p0 is 0.01). Specific properties are applied to soft serpentinized rock [Hassani and Chéry, 1996] . The ductile-viscous term is represented by nonlinear power law with three sets of material parameters ( is the effective strain rate and A* = 1 = 2 A Á 3 (n+1)/2 is the material constant, H is the activation enthalpy, R is the gas constant, n is the power law exponent ( Table 2 ). The elastic parameters (Table  1) correspond to commonly inferred values from Turcotte and Schubert [2002] .
[90] In addition, surface processes are taken into account by diffusing (A7) the topographic elevation h along x using conventional Culling erosion model [Culling, 1960] with a diffusion coefficient k ero .
This simple model is well suited to simulate fan deltas, which can be taken as a reasonably good analogue of typical foreland basin deposits. This model is not well adapted to model slope-dependent long-range sedimentation, yet, it accounts for most important properties of surface processes such as dependency of the erosion/sedimentation rate on the roughness of the relief (surface curvature). Figure B1 . Mineral assemblages and density computed by THERIAK for various P-T conditions for all materials used in the experiments.
[91] PARA(O)VOZ allows for large displacements and strains in particular owing to an automatic remeshing procedure, which is implemented each time the mesh becomes too distorted to produce accurate results. The remeshing criterion is imposed by a critical angle of grid elements. This angle is set to 10°to reduce frequency of remeshing and thus limit the associated numerical diffusion. The numerical diffusion was constrained by implementation of the passive marker algorithm. This algorithm traces passively moving particles, which are evenly distributed in the initial grid (we use nine particles per grid element, Figure 4 ). This permits an accurate recovery of stress, phase and other field parameters after each remeshing.
Appendix B: Mineral Assemblages and Density Computed by THERIAK for Various P-T Conditions for All Materials Used in the Experiments
[92] Mineral assemblages are given with weight proportions. Chosen P-T conditions correspond to the points (Pt) of Figure 3 . Symbols are given after Kretz [1983] , except for phengite (Phg) and coesite (Coe). See Figure B1 .
Appendix C: Passive Markers and Remeshing
[93] To reduce the computational efforts, we use the already defined trilinear shape functions of the main finite element grid. At initialization, and after each remeshing event, the algorithm seeks for the global element number of the hosting triangular element for each marker. This procedure is fulfilled using the parameters of the trilinear shape functions N (C1). If the marker imar is found inside the element, then the values of all three local coordinates have to be included between 0 and 1 and their sum be equal to 1 (C3): where e tol is tolerated error and x imar and y imar are the global coordinates of the imar marker. Once the marker is found, the interpolation weights L i of the nodal values at the location of the marker are calculated (C4). The nodal values, as well as the global number of the triangle hosting the marker, are stored in memory. This enables us to compute coordinates, temperature and velocity of the marker from the nodal values of the element (C5) only when it is needed (i.e., for output and before remeshing).
The pressure does not need to be interpolated using markers but is taken from the four subtriangles of the mesh quadrilaterals to avoid numerical over or under pressure.
